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In Brief
Moreno-Morcillo et al. provide insights into human CAD, the multifunctional protein initiating and controlling de novo biosynthesis of pyrimidines, by characterizing a construct covering DHO and ATC domains. The authors show that this construct forms hexamers and that this assembly does not depend on whether DHO domain is active. They propose a model with the DHO and ATC domains as the central supporting framework of CAD particles.
INTRODUCTION
CAD is a 243 kDa polypeptide formed by the fusion of four enzymatic domains that initiate the de novo biosynthesis of pyrimidine nucleotides ( Figure 1A ) (Coleman et al., 1977; Evans and Guy, 2004; Jones, 1980) . The first two domains, glutaminase (GLN) and carbamoyl phosphate synthetase (CPS-II), initiate the pathway, catalyzing the formation of carbamoyl phosphate (CP) from bicarbonate, glutamine, and two ATP molecules. Next, the labile CP is partially channeled to the C-terminal aspartate transcarbamoylase (ATC) domain (Christopherson and Jones, 1980; Irvine et al., 1997; Mally et al., 1980) , where it reacts with aspartate to form carbamoyl aspartate. Then, carbamoyl aspartate is condensated to dihydroorotate, the cyclic precursor of the pyrimidine ring, by the dihydroorotase (DHO), a Zn metalloenzyme fused between CPS and ATC domains.
The upregulation of CAD activity is essential to fuel the high demand of pyrimidines during cell growth and proliferation, and, thus, this multifunctional unit is under precise metabolic control (reviewed in Evans and Guy, 2004) . CPS-II catalyzes the rate-limiting step of the pathway and its activity is allosterically inhibited by the end-product uridine-5 0 -triphosphate (UTP) and activated by PRPP (5-phosphoribosyl-a-pyrophosphate), a substrate for the synthesis of both purines and pyrimidines (Jones, 1980) . The affinity for the allosteric effectors is modulated by phosphorylation of CPS-II through the MAP kinase and PKA cascades (Carrey et al., 1985; Graves et al., 2000) . CAD is also activated by phosphorylation at the linker connecting the DHO and ATC domains through S6 kinase in the downstream of mTORC1 pathway ( Figure 1A ) (Ben-Sahra et al., 2013; Robitaille et al., 2013) .
The initial steps of the de novo pyrimidine pathway are conserved in all organisms (Jones, 1980) . However, the fusion of the first enzymatic activities into a single multifunctional unit is unique to animals. In fungi, GLN, CPS-II, and ATC are fused in a CAD-like protein (named URA2 in Saccharomyces cerevisiae) that contains an inactive DHO-like domain (Denis-Duphil and Kaplan, 1976; Souciet et al., 1989) . In these organisms, the DHO activity is encoded in a separate gene as a monofunctional enzyme (Denis-Duphil, 1989) . In prokaryotes and plants on the other hand, GLN, CPS, ATC, and DHO are synthesized as distinct proteins that function separately or forming non-covalent complexes (Jones, 1980) . The crystal structures of Escherichia coli CPS and of DHO and ATC from different bacteria and archaea have guided in the detailed description of their catalytic and regulatory properties (Lipscomb and Kantrowitz, 2011; Thoden et al., 1997 Thoden et al., , 2001 Zhang et al., 2009) . In contrast, we lack structural information about CAD that allow us to understand the evolutionary advantage of the association of the distinct activities into a single multienzymatic protein (Davidson et al., 1993) .
Early studies reported that purified CAD was a mixture of different oligomers (Coleman et al., 1977) , and that the protein predominantly self-assembles forming hexamers of $1.5 MDa, nearly half the size of a ribosome (Lee et al., 1985) . The high sensitivity of the linkers to proteolytic cleavage allowed the isolation and characterization of discrete functional domains. Different groups demonstrated that the isolated DHO and ATC domains form dimers and trimers, respectively, in solution (Davidson et al., 1981; Hemmens and Carrey, 1995; Kelly et al., 1986) . These observations led to the general assumption that CAD hexamers could result from the association of three polypeptide chains through their respective ATC domains, followed by dimerization of two of these trimers through DHO-mediated interactions (Carrey, 1995) . A similar organization was proposed for the CAD-like protein in the fungus Neurospora crassa, although in this model, the association of the ATC-mediated trimers would be facilitated by the formation of CPS-II dimers (Makoff et al., 1978) . Confirmation of the central role of the ATC domain in the molecular architecture of mammalian CAD was provided by Davidson (1998, 2000) , who showed that mutations at the ATC trimer interface caused the dissociation of CAD hexamers into monomers. However, this study suggested that neither DHO nor CPS-II domains appear to participate directly in the oligomerization of CAD. Thus, the attractive idea that CAD might assemble as a ''dimer of trimers'' remains experimentally unchallenged.
In an attempt to get insight into the molecular architecture of CAD, we previously determined the crystal structures of the isolated DHO and ATC domains of human CAD Ruiz-Ramos et al., 2016) . Whereas the human ATC structure corroborated the predicted similarity with bacterial ATC trimers, the quaternary structure of the human DHO dimer differed from the bacterial homologs, suggesting that the interactions with ATC, if any, in the CAD multimer would be different from the bacterial DHO/ATC complexes .
In this study, we made a construct covering the human DHO and ATC domains, including the long inter-domain linker, and demonstrated that it forms hexamers in solution. Site-directed mutagenesis provided experimental evidence that the hexamer, indeed, assembles as a dimer of trimers. Furthermore, we proved that, despite having an inactive DHO domain, the CADlike protein from fungus presents the same molecular organization. Building on conserved structural features observed in the DHO-like and ATC crystal structures of the fungus Chaetomium thermophilum, we propose a model that sets the DHO and ATC domains as the central supporting framework of CAD particles.
RESULTS

Human DHO-ATC Self-Assembles into Dimers of Trimers
We cloned a region of human CAD spanning the DHO and ATC domains, including the 91 amino acids linking both domains (Figures 1A and S1) . The linker has a high content of prolines (22%) and harbors the phosphorylation site (S1859) for S6 kinase and PKA (Ben-Sahra et al., 2013; Carrey et al., 1985; Robitaille et al., 2013) . The bifunctional construct (hereafter named huDHO-ATC; residues 1,456-2,225) was produced in HEK293 cells and migrated in SDS-PAGE at the expected position for a molecular weight (MW) of 84.7 kDa ( Figure 1A ). Proteolytic rupture of the linker resulted in a discrete number of 40-60 kDa truncated forms that accumulated quickly after overnight storage at 4 C. huDHO-ATC also co-purified with small amounts of a $250 kDa protein, identified by mass spectrometry as endogenous human full-length CAD ( Figures 1A and S1 ).
Size-exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) analysis showed that huDHO-ATC elutes as a single peak with an average MW of 495 kDa (±0.13%) (Figure 1B) , in good agreement with the self-assembly into hexamers. The polydispersity in the MW measurement is likely caused by internal oligomer flexibility, nicking of the linker, or incorporation of endogenous CAD.
The activities of huDHO-ATC were comparable with those of the isolated domains ( Figure 1C ). To measure the ATC activity, we introduced the inactivating mutation D1686N in the DHO domain to prevent the conversion of carbamoyl aspartate to dihydroorotate . huDHO D1686N -ATC showed a k cat ATC = 1,427 ± 71 min À1 , 1.3-fold higher than huATC, whereas wild-type huDHO-ATC exhibited a k cat DHO = 110 ± 10 min À1 , similar to huDHO.
Next, we made the phospho-mimicking mutation S1859E to test if, as reported, the phosphorylation at the linker promotes the formation of larger CAD oligomers (Robitaille et al., 2013) . The S1859E mutant was shown by SEC-MALS to form hexamers (MW of 470 kDa [±0.12%]), but we did not observe association into bigger multimers (Figures 1B and S2) .
We also mutated the interfaces of the DHO dimers and ATC trimers to test the effect on the DHO-ATC hexamer. Previously, we proved that mutation M1601E hampers the dimerization of huDHO , whereas Davidson (1998, 2000) demonstrated that mutation D2009A dissociates the ATC trimers. SEC-MALS analysis showed that mutant huDHO M1601E -ATC eluted in a single peak with an estimated MW of 271 kDa (±0.33%), in good agreement with the formation of a trimer (Figures 1D, 1E, and S2) . In turn, mutant huDHO-ATC D2009A eluted in a major peak of 182 kDa (±0.50%), indicating the association as dimers.
These results demonstrated that the covalently linked DHO and ATC domains self-assemble as dimers of trimers, although the association does not influence significantly on their kinetic properties.
C. thermophilum DHOlike-ATC Forms Hexamers
The susceptibility to proteolytic cleavage turned huDHO-ATC into a challenging target for structural studies. To explore other sources of CAD that could be more stable, we purchased a synthetic gene encoding the CAD-like protein from the fungus C. thermophilum (Bock et al., 2014) (Figure S3A ), expected to have GLN-CPS and ATC activities bridged by an inactive DHO-like domain. The C. thermophilum DHO-like and ATC domains (hereafter ctDHOlike and ctATC) share 35% and 53% sequence identity with human. The sequence connecting both domains is 12 residues shorter and shares low homology (21%) with the human linker, although the high proline content (17%) suggested a conserved structural function ( Figure S3B ).
We produced an 80.8 kDa construct covering the ctDHOlike and ctATC domains including the linker region (hereafter named ctDHOlike-ATC; residues 1,519-2,253). The construct exhibits an ATC activity 2.5-fold higher than huDHO D1686N -ATC, and as expected, it lacks DHO activity ( Figure 1C ). SEC-MALS analysis showed that ctDHOlike-ATC behaves as a single species with an estimated MW of 432 kDa (±0.19%) ( Figures 1F and S2 ), indicating that, as observed in huDHO-ATC, the construct from fungus forms hexamers in solution.
We did not notice significant degradation after several days at 4 C (data not shown), and, thus, ctDHOlike-ATC was used in crystallization trials. We obtained two different crystal forms that turned out to contain exclusively either ctDHOlike or ctATC ( Figure S4A ). Although more stable than the human homolog, cleavage at the linker during the crystallization process (2-3 weeks at 18 C) led to the fortuitous determination of the first structures of the DHO-like and ATC domains from a fungus ( Figure S4B ).
Structure of the Inactive DHO-like Domain
Wing-shaped crystals diffracted X-rays to 2 Å resolution and belong to orthorhombic space group P2 1 2 1 2 with unit cell parameters a = 101 Å , b = 109 Å , and c = 58 Å (Table 1) . Phases were obtained by molecular replacement using the structure of huDHO as search model (PDB: 4C6M; Grande-Garcia et al., 2014). The crystals had 37% solvent content and two ctDHOlike domains per asymmetric unit. The electron density was unambiguous for residues 1,519-1,855, with no extra density attribut-able to ctATC, and a model was refined to R and R free values of 19.89% and 23.20%, respectively (Table 1) .
The two ctDHOlike proteins in the asymmetric unit are similar, with a root-mean-square deviation (RMSD) of 0.6 Å for 336 Ca atoms. The domain folds in an (a/b) 8 barrel (residues 1,526-1,772) with eight parallel b strands (named b1 to b8) connected to eight external a helices (a1 to a8) by loops of different length (loops 1 to 8) (Figures 2A and S4C ). The barrel connects through two helices (a6 and a7) with an adjacent b stranded domain (residues 1,519-1,525 and 1,793-1,840) that clamps one side of the barrel. The overall fold is similar to huDHO, with both proteins superimposing with an RMSD of 1.8 Å for 311 Ca atoms ( Figure S4D ). ctDHOlike, however, lacks the metal-coordinating and substrate-binding residues that, in human and bacterial homologs, shape the active site (Ruiz-Ramos et al., 2015; Thoden et al., 2001 ) ( Figure 2B ). The position of the Zn 2+ atoms is partially taken by a helix a5 (in loop 8) that protrudes from the center of the barrel and forms, together with loop 7 and the adjacent domain b hairpin, the top surface of the protein (Figures 2A-2C ). The extensive hydrophobic interactions and the presence of a disulfide bridge between cysteines C1709 and C1712 at the tip of loop 7 suggest that these elements form a rigid structure ( Figures 2B-2D ). (D) Structure-guided sequence alignment of ctDHOlike and huDHO. Sequences are colored according to secondary structure. Zn-coordinating and substrateinteracting residues in huDHO are highlighted with yellow and brown backgrounds, respectively. Residues depicted in bold are highly conserved (90% identity) among animals (for huDHO) or fungi (for ctDHOlike). Residues buried in the dimerization surface are shown with gray background. The disulfide bridge at the tip of loop 7 is indicated in the alignment and shown in ball-and-sticks in the other panels. See also Figure S4 .
It was uncertain whether or not the inactive DHO-like from fungi forms dimers in solution. Interestingly, the two ctDHOlike proteins in the asymmetric unit interact through a hydrophobic interface of 900 Å 2 formed by helices a4, a5, and a6, the same structural elements involved in the dimerization of huDHO (Figures 3 and 4A) . To test if the crystal dimers also formed in solution, we produced the isolated ctDHOlike domain (residues 1,519-1,855, MW = 36.8 kDa) and a variant with the mutation L1660C to disrupt the interaction between the crossing a5 helices at the center of the putative dimer interface ( Figures 4A  and S2 ). SEC-MALS analysis proved that ctDHOlike forms homodimers in solution (MW = 69.3 kDa), whereas mutant L1660C is mostly monomeric (MW = 39.9 kDa) ( Figure 4B ). Altogether, these results demonstrate that the inactive DHO-like domain from fungi forms elongated (100 3 50 3 40 Å ) dimers virtually identical to huDHO, with a flat bottom and an upper surface with rigid loops protruding as a two-pin plug.
To further test the role of the ctDHOlike dimers, we introduced the mutation L1660C in the ctDHOlike-ATC construct. SEC-MALS analysis showed that the mutant ctDHOlike L1660C -ATC did not form hexamers but eluted in a single peak with an MW of 255 kDa, fitting the theoretical mass of a trimer (Figures 4C  and S2 ). These results strongly suggest that, despite being inactive, the ctDHOlike domain plays a conserved architectural role in the assembly of CAD-like complex.
Structure of Fungal ATC Free and Bound to CP
A second ctDHOlike-ATC crystal type with a diamond shape grew in the absence and presence of CP, and diffracted X-rays to $2 Å resolution (Table 1; Figure S4A ). The crystals belong to cubic space group P4 3 32 with unit cell dimensions a = b = c = 139 Å . Based on solvent content prediction, we estimated that the asymmetric unit was too small to fit one ctDHOlike-ATC subunit. Crystallographic phases were obtained by molecular replacement using huATC structure (PDB: 5G1N; Ruiz-Ramos et al., 2016) as search model. The electron density was unambiguously assigned to one ctATC subunit (residues 1,939-2,253) forming a trimer across the crystal 3-fold axis, with no additional density for ctDHOlike.
ctATC exhibits the conserved architecture of the transcarbamoylase superfamily, a dome-shaped trimer with three active sites at the interface between subunits at the concave face (Lipscomb and Kantrowitz, 2011; Shi et al., 2015) ( Figure 5A ). Each subunit in the trimer is divided into two domains of similar size with a central b sheet of five parallel strands flanked by a helices (Figures 5A, 5B, and S5A) . The N-terminal domain (N-domain, residues 1,939-2,088 and 2,237-2,253) provides most of the inter-subunit contacts and binds CP. The C-terminal domain (C-domain; residues 2,089-2,236) occupies an external position and holds the binding site for aspartate.
The crystal grown in presence of CP showed additional density at the active site that was unambiguously assigned to the bound substrate ( Figure 5C ). CP binds at the N-end of helix a2, interacting with the main chain N atoms of T2003 and T2005 and with the side chains of S2002, R2004, and T2005 ( Figure 5C ). The O and N atoms of the carbamoyl group make additional H-bonds with the side chains of T2005, H2081, and Q2084, and with the carbonyl oxygen of P2214 (the only residue from the C-domain). Binding of CP induces a 6 hinge-closure between the N-and C-domains and the arrangement of the CPloop (residues 2,022-2,035) from the adjacent subunit, which is partially unfolded in the apo structure ( Figure 5B ). The CP-loop interacts through the side chains of S2029 and K2032 with the phosphate group of CP ( Figure 5C ). In other ATCs, including huATC, the occupation of the aspartate site is reported to trigger a further hinge-bending of the two domains with closure of the Asp-loop over the active site (Lipscomb and Kantrowitz, 2011; Ruiz-Ramos et al., 2016) . In both ctATC structures, the aspartate site is unoccupied and, thus, the Asp-loop (residues 2,176-2,198) is in a similar well-defined open conformation ( Figure 5B) . ctATC is structurally similar to the human homolog, with both proteins superimposing with an RMSD of 1.5 Å for 290 aligned Ca atoms ( Figure S5B ). All active site elements are preserved ( Figure 5D ), suggesting that the substrate-binding mode and catalytic mechanism are conserved with other ATCs. However, the N terminus of ctATC has ten additional amino acids folded in a short a helix (helix a0) that makes hydrophobic interactions with the first and last helices in the subunit and marks the trajectory of the linker toward the ctDHOlike domain ( Figures  5A, 5B, and 5D ). As described for huATC, helix a1 in ctATC is also one turn longer than in the bacterial counterparts and, although the interactions differ, it allows the formation of additional contacts with the adjacent subunit . The conserved glutamate E1983 is flipped 180 compared with the position of E1954 in huATC, and the next two residues change the trajectory approaching the adjacent subunit ( Figure S5C ). Thus, G1984 and L1986 (loop a1-b2) make two hydrogen bonds with R2015 (a2) within the same subunit, whereas V1985 establishes hydrophobic contacts with G1991 in the adjacent subunit. Also, the nearby R2019 (A1990 in huATC) makes two additional hydrogen bonds with Q2014 (A1985) and G2018 (G1989) from the adjacent subunit ( Figure S5C ). Altogether, these contacts that are not present in huATC might reinforce the association between ctATC subunits across the central channel.
Analysis of DHO-ATC Particles by Electron Microscopy
To get an insight into the molecular architecture of DHO-ATC hexamers we carried out negative-staining electron microscopy (EM). Initially, freshly purified huDHO-ATC and ctDHOlike-ATC samples were directly applied onto glow-discharged carboncoated grids and negatively stained for EM analysis. The size and internal symmetry should make these complexes suitable targets for the EM approach. However, close examination of the EM micrographs showed particles with very different shapes and sizes that disallowed further structural analysis ( Figure S6A ). Likely, the preparation of diluted samples for EM promotes partial dissociation of the complexes resulting in a mixture of various sub-complexes. Indeed, we previously reported that huATC trimer undergoes partial dissociation at low protein concentrations . The presence of truncated forms could also contribute to the heterogeneity of the sample, a limitation that appears more severe for the human protein ( Figure 1A ).
Since chemical crosslinking was successfully used to demonstrate the formation of CAD hexamers (Coleman et al., 1977; Lee et al., 1985) , we next attempted to stabilize the ctDHOlike-ATC oligomers using mild chemical crosslinking with diluted solutions of glutaraldehyde. The crosslinked sample was purified by SEC and the elution fractions were used for negative staining. Visual inspection of EM fields from glutaraldehyde-stabilized protein showed a more homogeneous population of larger globular particles compared with a non-crosslinked sample (Figure S6B) . We selected $29,000 particles that were classified and processed to obtain reference-free averages for preferred views of the molecule. Characteristic 2D averages appeared as rectangular particles of approximately 190 3 100 Å with compact globular regions and fuzzy densities likely corresponding to flexible parts of the complex ( Figure 6A) . Despite crosslinking, the flexibility of the particles introduced sufficient conformational heterogeneity to hamper the reconstruction of a 3D model. 
DISCUSSION
Evolutionary Advantages of a Multifunctional Protein
The characterization of a construct covering the DHO and ATC domains of human CAD combined with site-directed mutagenesis have allowed us to experimentally confirm that CAD self-assembles as a dimer of trimers. We also provided the first detailed structural information on the CAD-like protein in fungi, revealing the structural similarities between the inactive DHO-like dimers and the ATC trimers with the human homologs, and demonstrating that the fused domains also self-assemble into hexamers.
These structural similarities between human CAD and the fungus CAD-like complexes support the conclusion that the fusion of the enzymes leading the de novo pyrimidine biosynthesis may offer selective advantages over the monofunctional prokaryotic counterparts (Davidson et al., 1993) . In addition to facilitating the simultaneous production of the different proteins in stoichiometric amounts (Stark, 1977) , the linkage ensures the co-localization and association between enzymes that would otherwise depend on strong and highly specific interactions to form a complex. Indeed, whereas in some bacteria ATC and DHO form stable non-covalent complexes (Zhang et al., 2009 ), we did not detect direct interactions between the isolated huATC and huDHO (data now shown) and, to the best of our knowledge, there is no experimental evidence on the formation of stable complexes between isolated CAD domains. Thus, we conclude that the covalent linkage of the DHO/DHO-like and ATC domains is required for the assembly of the conserved hexameric subcomplex, and, by extension, of the CAD and CAD-like particles.
The fusion of the domains might also favor the folding or increase the integrity of individual components that would otherwise be unstable on their own. Indeed, in agreement with previous work, we noticed that the mammalian ATC domain can only be produced independently if it is N-terminal fused to the maltose binding protein or, as shown here, to the DHO domain ( Figure 1A ) (Qiu and Davidson, 1998; . On the other hand, we failed so far in producing the human or C. thermophilum CPS-II as an independent protein, regardless of the addition or not of the GLN domain (data not shown). GLN-CPS-II appears to be less stable on its own, as also suggested by limited proteolysis and complementation studies (Mally et al., 1981; Musmanno et al., 1992; Souciet et al., 1982) . Thus, it is possible that the interactions within the multienzymatic particle stabilize the tertiary structure of GLN-CPS-II, and that this domain needs to be engrafted into the DHO-ATC framework to be functional.
Another advantage for the fusion into a multifunctional unit is that it may improve the metabolic efficiency of the pathway. The comparison of the overall CAD reaction with the partial steps suggested that the linked system is more efficient and responds faster to regulatory signals (Christopherson and Jones, 1980; Mally et al., 1980) . Different studies in mammalian CAD and in yeast URA2 indicated that the CP released by CPS-II is partially channeled to the ATC active site without substantial exposure to the bulk solvent (Christopherson and Jones, 1980; Denis-Duphil, 1989; Mally et al., 1980; Otsuki et al., 1982; Penverne et al., 1994) . The passage of CP requires a correct assembly of the domains and the integrity of the DHO-ATC linker , and is facilitated by reciprocal communication of conformational changes between the CPS-II and ATC domains (Irvine et al., 1997) . Similarly, reciprocal conformational changes , 2015) . In one subunit, the GLN domain is colored yellow and the CPS regulatory subdomain is shown with salmon background. The position of the two phosphorylation sites is indicated with ADP molecules shown as spheres. The internal tunnel connecting the active sites is represented with a blue line. See also Figure S6. between the CPS-II and ATC domains of URA2 have been proposed to explain the mechanism of allosteric feedback inhibition by UTP (Serre et al., 2004) . We asked how the DHO-ATC complex reported in this study contributes to the CP channeling and to the communication of conformational changes between ATC and CPS-II domains.
DHO-ATC as the Framework of CAD Particles
Building on the schematic drawings of D. Evans (Evans, 1986) and E. Carrey (Carrey, 1995) , we propose a model for the architecture of CAD that sets the DHO-ATC hexamer as the central element of the particle (Figures 6B and 6C) . The model places two ATC trimers at the apical positions, with the concave faces holding the active sites facing each other. Three DHO dimers are interposed between the ATC trimers, with their long axes in parallel to the 3-fold axis and with the top of the a/b barrels oriented inwards. Thus, the linked domains associate in a closed hexamer with D3 symmetry (a 3-fold axis with three perpendicular 2-fold axes) and dimensions 190 3 100 Å , fitting the approximate size of the EM class averages ( Figure 6A ).
In this arrangement, the active sites of ATC and DHO delimit an internal space of $120 3 25 Å . In bacterial DHOs, the loops on top of the a/b barrel are not only important for forming the active sites, but also for interactions with another DHO subunit (e.g., E. coli) or with ATC (e.g., Aquifex aeolicus) (Thoden et al., 2001; Zhang et al., 2009) . In huDHO, however, the role of these loops remained unclear Ruiz-Ramos et al., 2015) . Based on the present model and on the conservation of similar protruding rigid loops in the inactive fungal DHO-like domain, we suggest that these loops could shape the inner space of the particle.
The DHO subunits fit in between the subunits of the ATC trimer, but the interaction, if any, must be loose to allow the necessary hinge-bending movement of the ATC subunits during the catalytic cycle (Lipscomb and Kantrowitz, 2011; Ruiz-Ramos et al., 2016) . As suggested by EM data, the DHO dimers do not necessarily occupy fixed positions and may tilt around their 2-fold axes, perhaps increasing the distance to the ATC trimers ( Figures 6A-6C ). The N-and C-ends of both domains are exposed to the solvent, facilitating the connection between them and also of the DHO with the CPS domain by the spacer sequences. The distance between DHO and ATC ends ($100 Å ) should be easily bridged by the long linker. The EM data indicate that the linker maintains the DHO and ATC domains at a certain distance, but in a loose conformation that allows the wiggling of the particle ( Figure 6C ). Likely some regions of the linker could interact with DHO, ATC, and also perhaps with GLN-CPS-II, increasing the stability of the assembly, but a part of the linker must be exposed to be phosphorylated and to explain the high susceptibility to proteases.
Coupling of GLN-CPS-II to DHO-ATC
To understand the functioning of CAD, we need to place GLN-CPS-II in the model. Although we lack structural information about GLN-CPS-II, the crystal structure of the homologous human CPS-I was recently determined (de Cima et al., 2015) (Figure 6D) . This other form of CPS, present in the mitochondria of hepatocytes, makes CP for the biosynthesis of arginine and urea. Interestingly, human CPS-I is in a monomer-dimer equilib-rium in solution (Rubio et al., 1981) and, indeed, crystallized as an elongated dimer of $200 Å ( Figure 6D ). Given the expected structural similarity of GLN-CPS-II with CPS-I (sequence identity 52%) and the comparable sizes of the CPS-I dimer with our DHO-ATC model ( Figures 6C and 6D) , we propose that three GLN-CPS-II dimers could surround the DHO-ATC particle with their 2-fold axes in the equatorial plane of the complex. The contacts between the rather flat outside surface of the DHO-ATC hexamer and GLN-CPS-II would allow the communication of conformational changes (Irvine et al., 1997) and could explain why CPS-II is unstable unless it becomes engrafted in the complex.
This model also accounts for the previously described partial CP channeling. All CPSs catalyze a multi-step reaction involving unstable intermediates that are canalized through an internal tunnel connecting two phosphorylation sites (de Cima et al., 2015; Thoden et al., 1997) (Figure 6D , blue lane). We propose that the exit of the tunnel near the CPS-II dimer interface would face the gaps between the DHO dimers that communicate with the inner DHO-ATC cavity. In this way, the CP released from CPS-II would be directly delivered into the particle compartment, where it would diffuse a short distance to reach the ATC active sites.
We further speculate that binding of UTP or PRPP at the regulatory subdomain at the C terminus of CPS-II (Liu et al., 1994; Simmons et al., 2004) could cause similar conformational changes as those described in CPS-I upon binding of the allosteric activator N-acetyl-L-glutamate (de Cima et al., 2015) . These changes in the GLN-CPS dimer could be propagated to the DHO-ATC framework, inducing the tilting of the DHO dimers and the rotation of the ATC trimers around their respective 2-and 3-fold axes (Figures 6C and 6D) . In a reverse process, changes in the ATC trimers caused by the binding of substrates or by the inhibitor phosphonacetyl-L-aspartate (PALA) could be transmitted to the outer GLN-CPS-II dimers, explaining the reciprocal communication between both domains (Irvine et al., 1997) . The concerted movements in the particle would modulate the rate and coupling of the different reactions, the channeling of intermediates, and the flux of substrates and products in and out the particle.
Our model ultimately suggests that CAD is more than the sum of its parts, and that the detailed study of the pieces will fall short in comparison with the complexity that will be disclosed by the structural determination of the full-length particle.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Table S1 This paper N/A Primers for D1686N mutation, see Table S1 Grande-Garcia et al.,2014 N/A Primers for M1601E mutation, see Table S1 Grande-Garcia et al.,2014 N/A Primers for D2009A mutation, see Table S1 This paper N/A Primers for S1859E mutation, see Table S1 This paper N/A Primers for L1660C mutation, see classification and averaging with refine2d.py implemented in EMAN and CL2D from the Xmipp package (Scheres et al., 2008) . A large number of class averages were produced with around 50 particles in each class. 2D averages were visually inspected and used for generating a sub-data set with best 28,937 particles.
The ctDHOlike-ATC model was built from the ctATC, ctDHOlike and human CPS-I (PDB: 5DOU) structures using Chimera (Pettersen et al., 2004) .
DATA AND SOFTWARE AVAILABILITY
All software used for this work are indicated in the Key Resources Table and in the Method Details. The coordinates and structure factors of ctATC, ctATC-CP and ctDHOlike crystal structures have been deposited in the Protein Data Bank under codes 5NNN, 5NNQ and 5NNL.
